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We investigated the infection history of porcine endogenous retroviruses (PERV) γ1 by analyzing published env and LTR sequences. PERV
sequences from various breeds, porcine cell lines and infected human primary cells were included in the study. We identified a considerable
number of retroviral lineages indicating multiple independent colonization events of the porcine genome. A recent boost of the proviral load in an
isolated pig herd and exclusive occurrence of distinct lineages in single studies indicated the ongoing colonization of the porcine genome with
endogenous retroviruses. Retroviral recombination between co-packaged genomes was a general factor for PERV γ1 diversity which indicated the
simultaneous expression of different proviral loci over a period of time. In total, our detailed description of endogenous retroviral lineages is the
prerequisite for breeding approaches to minimize the infectious potential of porcine tissues for the subsequent use in xenotransplantation.
© 2007 Elsevier Inc. All rights reserved.Keywords: ERV; PERV; Evolution; XenotransplantationIntroduction
Endogenous retroviruses (ERV) are vertically transmitted
proviruses derived from the retroviral infection of host germ line
cells. The diploid single-stranded RNA genomes are reversely
transcribed and integrated into the host genome as proviruses.
They contain less than 10 kb and consist of the genes gag, pro/
pol and env flanked by two long terminal repeats (LTR) which
are identical at the time point of integration into the host genome
(Gifford and Tristem, 2003; Coffin et al., 1997). ERV have been
found in all vertebrates examined and cover 8% of the human
and mouse genome (Lander et al., 2001; Waterston et al., 2002).
The amplification of retroviral copies in the host genome
primarily occurred by re-infection which gave rise to provirus
families (Belshaw et al., 2004). Additional mechanisms of ERV
amplification in the host genome have been discussed for
distinct ERV families (Belshaw et al., 2005; Costas, 2002).
Mutations of retroviral genomes are caused by diversemecha-
nisms. During DNA synthesis, the low fidelity of retroviral
reverse transcriptase generates point mutations and swapping⁎ Corresponding author. Fax: +49 89 2180 78402.
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(Galetto and Negroni, 2005). After integration into the host
genome, point mutations and recombinations occur during
mitosis and meiosis (Hughes and Coffin, 2005). Recombinations
between corresponding 5′- and 3′-LTR produce single LTR
which represent most of the proviral loci in some ERV families
(Lopez-Sanchez et al., 2005).
Depending on their impact to the host, ERVunderlie negative,
neutral or positive selective pressure. Negative selection results
in the extinction of ERVor host during evolution, whereas neutral
selection causes loss of ERV function during host evolution.
Functional ERV genes and/or proviruses which have been found
in several species including human, koala, mouse, pig and sheep
might be maintained by positive selection due to synergistic
effects of ERV to the host over a longer period of time (de
Parseval and Heidmann, 2005; Magre et al., 2003; Palmarini et
al., 2004; Stoye, 1998; Tarlinton et al., 2006).
ERV sequences have been used for the investigation of the
host genome evolution whereas few analyses have been done on
the evolutionary history of ERV genomes itself (Costas, 2001;
Hughes and Coffin, 2004; Lopez-Sanchez et al., 2005). For the
porcine (Sus scrofa) endogenous retrovirus (PERV) family γ1
numerous sequences of distinct origin (pig breeds, infected
Fig. 1. Cluster analysis of PERV γ1 LTR sequences. 108 Non-redundant LTR sequences were analyzed by genetic distance distribution (A) and phylogenetic trees (B) and
revealed five independent (I to V) and one recombinant (I–III) cluster. LTR of clusters I, II and III corresponded to PERV γ1A, B and C, respectively. (A) The genetic distance
indicated on the abscissa was partitioned into units of 0.005width and plotted versus the number of distance values in the respective segments. The black peak defined clusters,
and the grey peaks showed the distance between the respective clusters. The relationship within and between the clusters is indicated. (B) The phylogenetic tree was based on a
single neighbor joining tree and validated by bootstrapping and maximum parsimony (see Methods). The clusters defined by the genetic distance distribution analysis are
indicated by bold lines and bootstrap values.
176 N. Klymiuk et al. / Virology 371 (2008) 175–184porcine and human cells, RNA transcripts) are available due to its
potential infectious impact in xenotransplantation (Magre et al.,
2003). PERV γ1 consists of the subfamilies A, B and C which
have been defined by their different host tropism. The pig genome
contains about 50 PERV γ1 copies with differences in the PERV
load between breeds and individuals similarly to other species
(Jin et al., 2000; Tomonaga and Coffin, 1998; Niebert and Tonjes,
2003a). PERV γ1C sequences were assumed to be derived from
exogenous retroviruses (Martin et al., 2006; Wood et al., 2004).
Recently, chromosomally assigned PERV γ1C proviruses were
described (Hector et al., 2007). In addition to intact proviruses
and mutant sequences, recombination events were found in
PERV γ1 sequences (Klymiuk et al., 2003; Lee et al., 2002;
Oldmixon et al., 2002) giving rise to potential patchwork repair of
defect ERV sequences within and/or between species.
Here,we examined the infection history of the published PERV
γ1 env and LTR sequences. We found evidence for the long-term
proliferation and ongoing fixation of PERV γ1 lineages in the pig
genome. The genomic PERVγ1 loadwas concisely classified intoFig. 2. Phylogeny of independent PERV γ1 LTR clusters I to V. Phylogenetic trees were
used as outgroup for the generation of the trees. 5′- and 3′-LTR sequences from provir
followed by the GenBank accession number in parenthesis. LTR sequences from RNA
positions (as solid bars) in the 702-nt alignment, the number of singletons and the numbe
Polymorphic nucleotides shared by the LTR from different proviruses but not by correspo
the nucleotide alignment is indicated. ⁎The sequences AY099323 and AY099324 weredefined endogenous retroviral lineages which emerged from
numerous master elements during re-infection events.
Results
Terminology
PERV have been classified to the subfamilies A, B and C by
infectivity assays. Subsequently PERV genomes have been
assigned to the respective infectious potential defined by their
env gene. However, the classification of recombined or truncated
PERV genomes to the defined subfamilies is complicated. In
contrast to the biased nomenclature of retroviral sequences de-
duced from their infectious potential, we chose an unbiased
classification solely defined by the phylogeny of the sequences.
Our terminology enabled the concise definition of sequence
clusters throughout the PERV genome while the classification to
the subfamilies A, B and Cwas extrapolated from the env gene. To
facilitate the correlation of our phylogenetic terminology to thecreated as described (seeMethods). Representative LTR from the other clusters were
uses are indicated with the GenBank accession number or the BAC clone number
transcripts were merged to artificial LTR and depicted in italics. The informative
r of 18- and 21-mers in the U3R region (Wilson et al., 2003) are given for each LTR.
nding 5′- and 3′-LTR are shown with dotted bars. The position of the U3R region in
generated each from two independent PCR amplificates.
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the previously described subfamily A as cluster I, subfamily B as
cluster II and subfamily C as cluster III. Sequenceswith significant
distance to the clusters I–III were classified to additional clusters.
To refine the classification of PERV clusters we defined lineages
within the clusters. Lineages contained at least two independent
sequences with concordant pattern of informative nucleotides.
PERV γ1 LTR analysis
Retroviral integration into the host genome produces initially
identical 5′- and 3′-LTR of a given proviral locus, which evolve
independently afterwards. For the generation of the LTR data set,
the proviral sequences from the 5′- and 3′-end as well as un-
assigned LTR sequences were used. Additionally, the R/U5 and
U3/R regions from RNA transcripts were merged to form com-
plete LTR sequences. In total, 108 nonidentical LTR sequencesFig. 3. Combined analysis of PERV γ1 env and LTR. 44 Sequences containing the 2053-
BACclone number. Sequences fromRNA transcripts are shown in italics. For clusters I to
same color. Informative nucleotides (as solid bars) and the number of singletonswithin th
different proviruses but not by corresponding 5′- and 3′-LTR are shown with dotted bar
alignment, the position of the eliminated U3 repeat region (U3R, dotted line) and the b
columns specify the difference between the corresponding 5′- and 3′-LTR (number ofmi
LW, Large White; iBMP, inbred Boston minipig; MMCL, malignant melanoma cell lin
from PK15 or peripheral blood mononuclear cells from iBMP; ?, origin not known. Col
brown; cluster V: orange.were used. For U3 a highly variable section consisting of directly
repeated segments has been described (Wilson et al., 2003; Scheef
et al., 2001). A single repeat unit consisting of a 18-nt streak and a
21-nt streak was subsumized in the literature to a 39-nt unit. Here,
we evaluated the numbers of the 18-mers and 21-mers in the so-
called U3-repeat (U3R) region separately. The distribution of the
genetic distances revealed five different LTR clusters (I to V), two
sequences with low homology to the rest of the alignment and one
cluster of hybrid LTR consisting of sequences of the clusters I and
III. All neighbor joining and maximum parsimony trees
confirmed the classification of the five clusters (Fig. 1). All
corresponding LTR were classified to the same cluster.
For the detailed analysis of the LTR within the clusters, we
produced phylogenetic trees and identified the polymorphic
nucleotides which were subsequently divided into informa-
tive nucleotides and singletons (Fig. 2). Cluster I showed high
bootstrap values between terminal branches with predominantnt env gene and 702-nt 3′-LTR are indicated by their GenBank accession number or
III, env andLTRwere correlated in accordance to the literature and are shown in the
e respective clusters are indicated. Polymorphic nucleotides shared by the LTR from
s. Relevant recombination sites (hatched lines) with their nucleotide position in the
orders of the U3, R and U5 regions in the LTR (thin line) are mapped. Additional
smatches per nucleotides in the consensus sequence) and the origin of the sequences.
e; PK15, porcine kidney cell line 15; 293, human cell line 293 infected with PERV
ors of the sequences: cluster I: blue; cluster II: yellow; cluster III: green; cluster IV:
Fig. 4. Genetic distance distribution of the 5′-terminal 1327 nt in the env gene. 131
non-redundant env sequenceswere classified into four significantly different clusters
(I–IV). Env clusters I, II and III corresponded to PERV γ1A, B and C, respectively.
The genetic distance indicated on the abscissa was partitioned into units of 0.005
width and plotted versus the number of distance values in the respective segments.
The black peak defined clusters, and the grey peaks showed the distance between the
respective clusters. The relationshipwithin and between the clusters is indicated. The
classification of the env clusters was confirmed by phylogenetic trees (not shown).
179N. Klymiuk et al. / Virology 371 (2008) 175–184correlation of corresponding 5′- and 3′-LTR whereas the
relationship between the proviruses was less clear due to the
majority of informative nucleotides appearing in corresponding
LTR. Evidence for phylogenetic relationship was only found for
the proviruses 253B6, 305F5 and DD161076.
In cluster II, corresponding 5′- and 3′-LTR were grouped
together on major branches which were separated by three posi-
tions at most. The informative nucleotides in cluster II indicated
the proviruses 534G4 and AJ279057 as well as AJ293657,
AJ133817 and the transcript AF038601 to form two distinct
lineages separated from the other cluster II proviruses. The U3
repeat region showed a different lengthwithin cluster II LTR.U3R
enlargment was predominantly observed in sequences derived
from cell lines used in infectivity assays, but also occurred in
534G4 and AJ279057 which were derived from individual pigs.
In contrast to the hierarchical phylogeny in the clusters I and II,
cluster III, IVandV showed a bush-like phylogeny and the almost
exclusive presence of singletons in the polymorphic nucleotide
alignment. High numbers of singletons occurred in clusters IVand
V LTRwhere the few informative nucleotides were not shared by
corresponding 5′- and 3′-LTR. Clusters III, IV and V also
harbored constant U3R regions. Thus, the LTRwithin clusters IV
and V presumably originate from one common ancestor each and
the LTR evolved independently after the single colonization
event. AF435966 of cluster IV showed identical LTR and no
variation from the proposed ancestor sequence whereas all other
proviruses obtained at least 6 mismatches between their formerly
identical LTR. This may be caused by the integration of
AF435966 into a highly conserved region of the porcine genome.
For the LTR of cluster III, the phylogeny remained unclear as
all analyzed sequences were derived from cell lines and no
sequences are available from animals. Compared to LTR within
the other clusters, the very low genetic distance of the sequences
indicated that they developed from one common ancestor.
In total, as corresponding 5′- and 3′-LTR grouped into the
same cluster and onto the same branches within a cluster, host
genome recombination rarely caused alteration of proviruses.
Thus, hybrid ERV were suggested to predominantly occur from
retroviral recombination between co-packaged genomes.
Combined analysis of PERV γ1 env and LTR
To date, three distinct PERV γ1 subfamilies A, B and C have
been described by their different host tropism and sequence
variations in the gag, pro/pol and env genes which is in discre-
pancy to the finding of five different LTR clusters. Therefore, we
compared 44 sequences containing both env and 3′-LTR, which
are separated by a 0.1-kb fragment. The sequence alignment
contained the complete 2053-nt env and 702 nt of the 3′-LTR
(Fig. 3). Genetic distance analysis of the 44 env sequences
revealed three non-recombinant and three recombinant clusters
whereas the LTR were separated into the five non-recombinant
and one recombinant cluster described above.
All clusters I and III LTR sequences were linked to the res-
pective cluster in the env gene with the exception of AY570980.
AX052637, AX052638 and AY953542 showed multiple I–III
recombinations in env as well as in the LTR. Detailed analysis ofthe informative nucleotides in the env and LTR cluster I se-
quences (n=9) clearly separated two lineages. 253B6, 305F5,
AJ293656, DD161075 and DD161076 were assumed to
descend from the same lineage as the hybrid I–II env described
below. The sequence variations indicated that this lineage proli-
ferated over a longer period of time.
LTR from the closely related clusters II, IV and V differed in
not more than 18 nt (2.6%) and each is combined with cluster II
and hybrid I–II env. The informative sites clearly revealed four
different lineages within cluster II env. AJ279057, 161B7,
484G4 and 534G4 differed from the other cluster II env in 7
positions whereas the two lineages containing AJ133816,
80H6, 667G4 and 1058D6 as well as AJ133818, 498D8,
647G4 and 783D7 obtained two mutations each. These three
lineages each combined with each of the LTR clusters II, IVand
V. In addition, AY056035, AY099324, DD161074 and Y12239
showed no variation from the assumed ancestor sequence and
occurred with cluster II LTR only. The transcripts A66552 and
A66553 differed from the other sequences by 12 common
nucleotides. Most of the different env-LTR sequences have
been described in the genomic DNA of Large White pigs
thereby confirming the in vivo existence of the sequences. The
hybrid I–II env (n=8) clearly descended from the cluster I env
lineage described above.
In total, the combined analysis of env and 3′-LTR revealed
the following results: (i) Seven independent env lineages (two
cluster I, four cluster II and one hybrid I–II lineage) were found
in the genome of individual pigs. Additional patterns occurred in
180 N. Klymiuk et al. / Virology 371 (2008) 175–184vitro or in PERV transcripts. Thus, during pig evolution a
considerable number of proviruses replicated and accumulated
to different lineages. (ii) Hybrid env and multiple combinationsFig. 5. PERVγ1 env clusters I and IV. Phylogenetic trees were generated as described in th
by sequences from the distantly related clusters II and III.Env sequences obtained from ret
of singletons and recombination sites in the 3′-end of env are indicated. Additionally, th
minipig; iWMP, inbred Westran minipig; LW, Large White; PK15, porcine kidney cell li
mononuclear cells from PK15 or iBMP; ?, origin not known.of env lineages with different LTR clusters were suggested to be
caused by the parallel expression of different proviruses in the
host genome and the subsequent retroviral recombination.eMethods section from the 5′-terminal 1327 nt of the env alignment and outgrouped
roviral transcripts are shown in italics. Informative nucleotides (as solid bars), number
e origin of the sequences is depicted. CMP, Chinese minipig; iBMP, inbred Boston
ne 15; 293, human cell line 293 infected with PERV from PK15 or peripheral blood
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In the combined env and LTR analysis we identified seven
independent PERV lineages. 32 of the 44 sequences, however,
originated from a single pig or PK15 cells. To confirm the
results, we examined 131 sequences containing at least 90% of
the 2053-nt env gene which were obtained from various pig
breeds. Alignment and genetic distance distribution analysis
revealed four distinct clusters as well as several hybrid clusters
and non-classified sequences (data not shown). The informative
nucleotides classified all hybrid sequences to either cluster I or
IV in the 5′-end. Cluster I and IV sequences are closely related,
however, the genetic distance of the sequences within clusters I
and IV is significantly lower than the genetic distance between
the clusters (Fig. 4). Thus, we subsequently examined a data set
containing sequences designated as cluster II in the whole env
as well as two data sets containing sequences designated as
cluster I or IV in the 5′-end.
In env cluster II sequences, the informative nucleotides revealed
four lineages in addition to the four lineages described in the
combined analysis of env and LTR. Three of them were exclu-
sively found in an Australian inbred minipig strain (Lee et al.,
2002), and one pattern occurred in two independent studies on
Large White pigs (not shown).
Recombination predominantly occurred in the 3′-terminal third
of clusters I and IV sequences. Therefore, separate phylogenetic
investigation of the 5′-terminal 1327 nt of env and comparison
with the recombination pattern in the 3′-end of envwas carried out
(Fig. 5). In cluster I, a well-supported clade was formed by
sequenceswhich either changed to cluster II at nt 1730 or remained
cluster I throughout the whole env. This presumably ancient
lineage was found in Large White, minipigs and PK15 cells. The
hybrid I–II env lineage described in the section above was
classified to this clade. The second cluster I env lineage defined
above including AF435967, AJ279056, AY312521 (=141G12)
and AY312523 (=242D4) also formed a clearly separated branch
in this analysis which was currently detected only in a single Large
White animal. A change from cluster I to cluster III at nt 1697
might have developed once in a further lineage. In a subsequent
colonization event an additional recombination with a cluster II
sequence between nt 1719 and nt 1861 appeared. A further
recombination event between cluster I and cluster III env at nt 1328
was found on two clearly distinct branches. The latter patternswere
only found in a Boston inbredminipig herd and in cells infected by
PERV from this minipig herd (Oldmixon et al., 2002; Scobie et al.,
2004).
Paraphyletic branching was also found in cluster IV env, where
three sequences recombined with cluster II at nt 1421 while the
majority of the sequences swapped to cluster II at nt 1719.
However, the high number of informative nucleotides in cluster IV
revealed three lineages and numerous recombination events
between them. Retroviral recombination might also explain the
combination of three different sequences in the 5′-end with a
common recombination pattern in the 3′-end. Cluster IV env
predominantly consists of sequences from an inbred minipig herd
which lived isolated for 200years ormore than 100 pig generations
but contain also sequences from other breeds.From the analysis of env sequences from various pig breeds the
following conclusions were drawn: (i) Branches often result from
single studies. In contrast to lineages which are present in different
breeds, they might represent isolated infection events in the recent
past. (ii) Most lineages contain hybrid env sequences which
accumulated in the porcine genome in multiple infection events.
Thus, retroviral recombination is a general factor for PERV γ1
diversity. (iii) Similar to the LTR data, only few informative
nucleotides referred to relationships between the lineages. This
might be explained by the independent infection of the porcine
germ line by exogenous retroviruses. Alternatively, extensive
alteration of a master copy in each round of re-infection has taken
place. However, this is in contrast to the conservation of other
informative sites within lineages.
Discussion
In our study we examined the phylogeny of PERV γ1 env and
LTR sequences published in various studies.We included genomic
PERV sequences from pigs of various breeds, porcine cell lines
and infected human primary cells as well as transcripts from virus
particles released from porcine cell lines and infected human
primary cells. Variations in PERV load and different selective
pressure are evident, however, the definition of lineages enabled
the identification of proliferating retroviral genomes. The low
number of informative sites shared by different lineages and the
stochastic sampling of the sequences circumvent the deduction of
PERV evolution. Systematic screening of proviruses or, more
significant, flanking genomic regions in different breeds is a
prerequisite for coherent phylogenetic studies. Therefore, we
aimed on the definition of lineages and on the deduction of master
copies.
The phylogenetic analysis revealed the three clusters I, II and III
according to the PERV γ1 subfamilies A, B and C as well as
additional clusters for env and LTR. Exogenous PERV γ1C and
γ1A/C recombinants were reported to be the source of high titer
infectious retroviruses (Martin et al., 2006; Wood et al., 2004).
Recently, PERV γ1C loci were described in the pig genome. The
PERV γ1C sequences analyzed in our study are taken from public
databases and have not been chromosomally assigned. They have
been obtained from proviruses derived from cell culture experi-
ments, RNA transcripts, or the origin has not been stated.
The novel clusters contained sequences originating from
different studies, thereby confirming their existence in independent
analyses. Env cluster IV as well as LTR clusters IV and V are
homologous to, but significantly different from the subfamilies A
and B, respectively. They originate from these closely related
subfamilies or from common ancestors, but the functional
relevance of the novel PERV clusters remains to be determined.
Proviruses containing LTR clusters IVandV presumably originate
from a single round of infection and might have lost their
replication potential and, thus, represent evolutionary dead ends.
Referring to the intended use of xenotransplantation, the additional
env cluster IV has to be analyzed more deeply as the env gene
determines the host tropism of retroviruses.
Accumulation of ERV has been discussed to occur by the
“strict master gene”model from a single locus or by the “random
182 N. Klymiuk et al. / Virology 371 (2008) 175–184template” model based on the coincidental activity and
proliferation of all proviruses (Katzourakis et al., 2005). We
revealed the proliferation of numerous lineages discriminated by
their nucleotide patterns during host evolution. This supported an
intermediate mechanism for PERV γ1 amplification which is in
accordance to other ERV families (Buzdin et al., 2003; Costas,
2002). The occurrence of hybrid PERV γ1 proviruses was
suggested to be predominantly caused by the parallel expression
of proviruses, co-packaging of different transcripts and subse-
quent retroviral recombination.
The predominant occurrence of env cluster IV sequences in an
isolated minipig herd might be caused by a boost in the PERV load
during an evolutionary very recent time period. The identification
of three additional env cluster II lineages exclusively found in this
herd (not shown) and other lineages occurring in single studies
indicates individual differences in the PERV load and the current
colonization of the porcine genome by PERV γ1 which is similar
to the ongoing fixation of ERV in koala (Tarlinton et al., 2006).
However, in contrast to the koala, PERV have colonized the
porcine genome for thousands of generations. Future data of pig
genome sequencing projects as well as of the examination of
different breeds may be incorporated in the classification frame
presented in this study and furthermore allow the definition of
additional PERV γ1 lineages.
In contrast to the fewproviruseswhich have been assumed to be
a potential infectious risk in xenotransplantation (Niebert and
Tonjes, 2003b), this study shows the proliferative activity of
numerous proviral lineages which increases the chance for parallel
expression of proviral loci. Subsequent retroviral recombination
between co-packaged viral genomes may give rise to complemen-
tary repair of defective retroviruses. Our results also showed dif-
ferences in the PERV load which demands the concise
examination of potential donor herds for xenotransplantation. A
further aspect of viral safety in xenotransplantation was the sug-
gestion of exogenousPERVγ1C to be involved in the formation of
highly infectious γ1A/C recombinants. Thus, attention has to be
turned on the proposed co-evolution of endogenous and
exogenous retroviruses.
Totally, our phylogenetic study on the published PERV γ1
sequences enlights their evolutionary history and, thereby,
shows their accumulation in multiple infection rounds. Lineages
present only in isolated herds indicate the ongoing fixation of
retroviruses in the porcine genome. Hybrid PERV suggest
simultaneous proliferation of different lineages and recombina-
tion events between them. Furthermore, our concise classifica-
tion of the genomic PERV γ1 load to defined endogenous
retroviral lineages will facilitate breeding approaches to obtain
pigs with decreased infectious potential for the subsequent use
of xenotransplantation.
Methods
PERV γ1 sequence mining and sequence alignment
For the extraction of published PERV γ1 sequences from the
GenBank DNA database, we performed BLAST searches with
the GenBank entries AJ293656, AY099324 and AF038600which represent the subfamilies A, B and C, respectively. PERV
γ1 sequences were derived from genomic sequences of various
pig breeds, porcine cell lines and human cell lines infected with
PERV. The sequences were aligned to the retroviral genome by
the ClustalW program (Jeanmougin et al., 1998) and adapted
manually in BioEdit (Hall, 1999).
Phylogenetic analysis
Sequences were examined by phylogenetic tools taken from
the PHYLIP package (http://evolution.genetics.washington.edu/
phylip.html) or PAUP⁎ (http://www.paup.csit.fsu.edu/downl.
html). To obtain valid trees we calculated neighbor joining and
maximum parsimony trees and evaluated them by bootstrap-
ping. In general, trees were based on a single neighbor joining
tree with branch nodes marked by the bootstrap value when they
occurred in the consensus of 100 bootstrapped neighbor joining
trees. Branches also arising in maximum parsimony trees were
depicted in bold. The generated trees were adapted in TreeView
(http://taxonomy.zoology.gla/rod/rod.html).
In addition to the phylogenetic trees, we analyzed the poly-
morphic nucleotides in the alignments which were extracted by
PAUP⁎ as described (Klymiuk and Aigner, 2005). The ex-
tracted sites were separated into singleton mutations which
occurred only once, and informative sites which indicated phy-
logenetic relationship.
Genetic distance distribution
We analyzed the distribution of genetic distances as a
statistical analogue to the calculation of phylogenetic trees as
described (Klymiuk et al., 2006). In brief, genetic distance
matrices were calculated by the PHYLIP program gendist. The
value of the highest genetic distance in the matrix was
partitioned into 70–140 segments of equal size. For each
segment the number of genetic distances in the matrix was
evaluated. In a graph plotting the segments versus the number of
genetic distances, the first peak contained the lowest genetic
distances and revealed clusters of highly homologous sequences
whereas the following peaks indicated the distances between the
clusters and, thus, confirmed the definition of the clusters.
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